Theeffects of chemical modification of aminogroupson the conformationalstability of Mucor miehei proteinase (MMP), porcine pepsin, and chymosin, the latter two being from mammalian sources, were examined using kinetic and thermodynamic analyses. 
reduction of only MMPwas observed as demonstrated by a higher rate of guanidine hydrochloride-induced denaturation, lower activation energy, decreased enthalpy of denaturation, and a substantially reduced free energy of denaturation.
Results from this study corroborate those of a companion investigation [J. L. Smith et al., Agvic. BioL Chem., 55, 2009 ] indicating that MMP was more susceptible to destabilization by charge alteration than aspartyl proteinases of mammalian origin.
In a previous study1} it was reported that covalent attachment of negatively charged ethylene/maleic anhydride copolymer to Mucor miehei proteinase (MMP),porcine pepsin, and chymosin decreased their proteolytic and milk-clotting activity. Reduction of these activities was greatest for MMP; this was reflected by a substantially lower ratio of milk-clotting to proteolytic activity (MC/PA) for the fungal enzyme. Evidence suggested that reduction of mammalianenzyme activity may be due to physical restriction or coulombic repulsion of substrate from the enzyme active/binding site(s), while modification-induced alteration of active conformation (possibly in conjunction with physical or coulombic impediment of substrate) was responsible for the observed decrease in activity of MMP.In addition, the thermostability of MMPwas significantly decreased following amino modification; no significant change in thermotolerance was measured as a result of amino modification for either of the mammalian enzymes. These findings suggested that the 2017 'conformational stability' of modified MMP was decreased relative to native enzyme. To test this hypothesis, this study was undertaken to assess the relative stabilities of the native and amino-modified enzymes through kinetic and thermodynamic analyses.
Materials and Methods
Native and amino-modified proteinases. MMP, porcine pepsin, and chymosin were products of Sigma (Sigma Chemical Co., St. Louis, MO). The fungal enzyme was purified by the method of Smith and Yada.2) Amino modification of the proteinases using a copolymer of ethylene/maleic anhydride and estimation of protein concentration have been described previously.1>2) In the calculation of molar quantities, the molecular masses used were 42,000, 34,644, and 31,000 daltons for MMP, 2) porcine pepsin,3) and chymosin,4) respectively. that maintained the temperature of the spectrophotometer sample and reference cells within 0.01°C. At each temperature a 0.2-ml sample ofa 2.5 mg/ml proteinase solution was added to 1.8ml of 20mMMES buffer (pH 5.5) preheated to target temperature. After inversion mixing (10s) the cuvette was placed in the temperature controlled spectrophotometer cell and thê 287.5 measured subsequently over time. Data analysis was first-order and involved construction of semilogarithmic plots as described above. The activation energy (EJ of denaturation was derived according to the Arrhenius equation:
by calculating the rate constant, k, over a range of denaturing temperatures.
Equilibrium
denaturation. Native and amino-modified proteinases (0.25 mg/ml) were equilibrated for 4hr at 4°C in incremental concentrations of buffered (pH 5.5) GdnHCl after which the following parameters were measured: (i) absorbance at 257 and 287.5 nm(maximumand minimum wavelengths identified through difference spectroscopy); ( i i ) intrinsic fluorescence; and (iii), specific proteolytic activity (SPA).2) Using these parameters as indices of denaturation, the fraction native, /N, was calculated using:
where R was either the ratio of absorbance at 257 to 287.5nm (A251/A281_5), %F or SPA and where R{, Ro, and Rg were the absorbance ratios, %For SPA of the denatured enzyme, native enzyme, and enzymeequilibrated in GdnHCl, respectively. The equilibrium constant (KD) and free energy of denaturation (AGD) were then calculated for the transition using:
AGD= -RT\nKD (4) where /?=8.314kJK"1mor1 and T=298K. Only those KD values within the range 0.1 to 10 were used in the analysis of the transition.6) Regression of AGD values on the corresponding GdnHCl concentrations yielded a straight line defined by:
(5) where [D] is the concentration of GdnHCl and m (the slope) measures the dependence of AGD on [D] . Linear extrapolation to zero concentration denaturant yielded an estimate of the free energy of denaturation under standard conditions (A G^)-Parameters from the regressed line we used to generate the model curve for the data given by:
Model curves were plotted with the data to examine the fit of the estimate.
Reversibility. The thermodynamic reversibility of proteinase denaturation in GdnHCl was evaluated by equilibrating 0.5 mg of the different proteinases in 2 ml of 4m GdnHCl, pH 5.5 (a denaturing concentration) for 4hr at 4°C and then exhaustively dialyzing the samples agains 20mM citrate-phosphate buffer (pH 2.9, 4.1, 5.0, and 6.3) Specific proteolytic activity was subsequently assayed.
Differential scanning calorimetry (DSC). Scanning calorimetry measurements were made (in triplicate) on a DuPont differential scanning calorimeter model 2910 and Thermal Analyst 2000 system (Du Pont de Nemours and Company, Wilmington, DE) at a heating rate of 2°C/min from 25 to 100°C. The instrument was calibrated with indium at the specified scan rate. Protein samples were made up in 20mM MES buffer (pH 5.5) to concentrations between 6-8% (w/v) 30min before thermal analysis. Sample volumes of 15/il were hermetically sealed in aluminum pans; a pan containing the MES buffer (15 /^1) served as reference. From the calorimetric traces the following parameters were obtained: (i) peak denaturation temperature (TD) defined as the temperature of maximum rate of heat flow (peak) in the thermogram.
(ii) enthalpy of denaturation (AHD) calculated from the area under the endotherm peak. Areas were calculated wit the Du Pont Thermal Analyst 2000 General Utilities V4.0 program (Du Pont de Nemours and Company) using a linear baseline option. (iii) rate constant (A:T) for the nth order reaction according to: kT=(\ -a)n/rT (7) where a is the fraction reacted, obtained from the ratio of the peak area at temperature Tto the total area, and where the rate of heat flow (rT or reaction rate) is proportional to the vertical displacement from the baseline at temperature T.7'8) First-order kinetics of denaturation (e.g., n=l)
were assumed. The Ea of denaturation was calculated from the values of kTat several temperatures using the Arrhenius equation (1). 
Kinetics of denaturation
The course of GdnHCl denaturation of the different enzymes, monitored using both^4287.5 and %F, followed first-order kinetics; a plot of>42g7.5 versus time for native MMP is shown in Fig. 2 . The inset in Fig. 2 data for all enzymes are given in Table I . Figure 3A shows first-order semilogarithmic plots of the isothermal denaturation of native M. miehei proteinase. Similar to that for However, in the absence of confirmed reversibility, the thermodynamic parameters obtained from transition curve analysis were qualified as apparent using the subscript "app".13'17)
The transition curves for the unfolding of native and amino-modifled MMP (Figs. 4A and B, respectively) were generated based on the two-state derivation of AG&and assuming (5)). Figure 5A and B shows the influence of denaturant concentration on the change in free energy associated with denaturation (Eq. (6)) of native and amino-modified MMP.From these plots, the apparent standard free energy of denaturation (zlG^app), the midpoint of the transition ([D1/2]app) and the steepness or cooperativity indexed by the slope (mapp) were obtained for each native and amino-modified proteinase (Table  III) .
Results indicated that the conformational stability (e.g., AG^app) of only MMPwas significantly (p < 0.05) decreased by modification of 8-amino groups. The calorimetric irreversibility displayed by these proteinases precluded the calculation of 
Discussion
The kinetic analyses used in this study indicated that GdnHCl and thermal-induced unfolding of both native and amino-modifed aspartyl proteinases was best approximated by a two-state model ( Fig. 2; Fig. 3 anhydride copolymer modification of lysyl residues. Conversely, stability of the similarly modified aspartyl proteinase chymosin was not compromised. This differential response to modification may be related, in part, to stability differences in the native enzymes. That is to say that some factor(s), e.g., high hydrophobicity, may have enabled the native conformation of chymosin to remain intact despite surface crosslinking by the EMA copolymer, whereas, the structure of MMP maynot have been able to resist the stress(es) imposed on it by the crosslinking agent. Indeed, hydrophobicity has been identified as an important determinant of the functional properties of food proteins in general23) and aspartyl proteinases in particular.24) Also, chymosin is known to have the highest hydrophobicity of all the cheesemaking enzymes.2^High hydrophobicity may be responsible for the particular functional attributes of chymosin, e.g., specificity, high MC/PA, and low thermotolerance; consequently, methods to probe the relative importance of hydrophobicity in the structure and function of several aspartyl proteinases are being investigated. Research Council of Canada.
